Finely dispersed Ti-doped isotropic graphites with 4 at% Ti have been manufactured using synthetic mesophase pitch "AR" as raw material. These new materials show a thermal conductivity at room temperature of ∼200 W/mK and flexural strength close to 100 MPa. Measurement of the total erosion yield by deuterium bombardment at ion energies and sample temperatures for which pure carbon shows maximum values, resulted in a reduction of at least a factor of 4, mainly due to dopant enrichment at the surface caused by preferential erosion of carbon. In addition, ITER relevant thermal shock loads were applied with an energetic electron beam at the JUDITH facility. The results demonstrated a significant improved performance of Ti-doped graphite compared to pure graphite. Finally, Ti-doped graphite was successfully brazed to a CuCrZr block using a Mo interlayer. These results let assume that Ti-doped graphite can be a promising armour material for divertor plasma-facing components.
Introduction
Carbon fibre-reinforced carbon (CFC) is envisaged for the strike point area of the ITER divertor due to its excellent resistance to excessive heat loads during off-normal events such as plasma disruptions and edge-localized modes (ELMs) [1] . Besides the high cost, long delivery time and large variations in properties of the CFCs developed for ITER [2] , a main drawback of carbon-based materials is their chemical erosion under hydrogen bombardment from the plasma during normal operation [3] , leading to a high tritium amount accumulated in re-deposited carbon layers. In addition, recent results show that the retention of implanted hydrogen isotopes in CFC increases continuously with ion fluence, while in finegrain graphite quasi-saturation of the retention occurs, so that at the fluences reached in today's fusion devices within a typical experimental campaign the retention in CFC can exceed the retention in finegrain graphite by one order of magnitude [4] . Furthermore, under intense transient heat loads CFCs show a preferential erosion of the fibres aligned in the loaded-surface plane [5] , while in fine-grain graphite the erosion by brittle destruction leads to a rather homogeneous erosion pattern [6] .
Previous work [7, 8] reveals that doped isotropic graphite shows significantly improved performance as plasma-facing material compared to pure graphite: the addition of Ti as dopant not only reduces the chemical erosion of carbon [9] , but it leads also to a substantial increase of thermal conductivity and mechanical strength [7] . Besides, the deuterium retention behaviour of doped graphite is comparable to that of pyrolytic graphite [10] , with quasi-saturation at low fluences. These facts let assume that Ti-doped isotropic graphite may be an attractive, low cost plasma-facing material able to compete with present CFC candidate materials.
In this paper the results of several tests of high relevance for plasma-facing application are shown on newly developed Ti-doped graphites: erosion by deuterium bombardment, thermal shock loads under ITER disruption conditions and joining to a Cu-based heat sink by brazing.
Experimental
As starting carbon raw material a self-sintering synthetic mesophase pitch named "AR" from Mitsubishi Gas Chemical was used. An oxidative stabilization step is required previous to mixing and forming to avoid swelling during carbonization due to a strong release of volatiles. The average particle size of the stabilized powder is <10 μm. Ti was introduced in form of TiC nanopowder (Sigma Aldrich) with an average particle size of 130 nm. The carbide was added to the carbon raw powder so as to obtain a final 13th International Conference on Fusion Reactor Materials (ICFRM-13)
10.-14. December 2007, Nice, France graphitic material with ~4 at.% Ti. Several samples were also produced containing, in addition to TiC, also a small amount of SiC (∼0.5 at.% Si), with the aim to further increase the thermal conductivity, taking advantage of the high graphitization degree of the carbon precipitated by the decomposition of SiC (2540°C [11] ), as reported in [12] . The average particle size of the initial SiC powder was 20 nm. The manufacturing procedure and the material characterization are described in detail in [13] . In Table 1 some typical properties of the manufactured materials (undoped, Ti-doped and Ti-Si-doped) after graphitization at 2765°C are shown. It can be observed that the addition of a small amount of SiC results in thermal conductivities at room temperature (RT) close to 200 W/mK, but care has to be taken during graphitization to avoid swelling and cracking due to a fast Si evaporation [13] . On the other hand, for samples doped with only TiC a proper choice of the graphitization parameters [13] leads to even higher thermal conductivity values, avoiding the problems arising from Si evaporation during graphitization.
The erosion of the Ti-doped graphite AT by deuterium ions were studied at the high current ion source at IPP Garching [14] . This source produces a mass-separated monochromatic ion beam. A flux density of ~10 19 D/m 2 s was achieved, with an eroded area of ~0.5 cm 2 . Ion energies of 30 and 200 eV per D were used. The sample temperature was 630 K for 30 eV and 820 K for 200 eV D bombardment. These temperatures were chosen because they correspond to the maximum value of the total erosion yield of pyrolytic graphite at the respective energy [14] . The low energy value is representative for the so called surface regime Y surf of chemical erosion, while the higher energy is representative for the thermally activated regime Y therm [15] . The samples were heated by electron bombardment from the rear, and the temperature was measured with an infrared pyrometer. The total erosion yield was determined from the accumulated fluence onto the specimen and the total amount of carbon and metal eroded, which was obtained from in-situ weight-loss with a sensitivity of ± 1 μg. reached, a strong reduction of the erosion yield with increasing fluence down to at least 0.04 is presumed.
Results and discussion

Erosion by deuterium bombardment
Electron beam thermal load tests
The parameters of the electron beam experiments, which simulate typical disruption conditions, are in the regime well above the threshold for the onset of particle emission due to brittle destruction of fine grain graphite [7] . In fact, large and medium dust particles can be detected by digital imaging during the shot for the undoped C sample A (Fig. 3) , which are associated with significant macroscopic erosion. In contrast, a significant reduction of particle emission and only small dust particles are detected under the same shot conditions for Ti-doped graphite both with (ATS) and without Si (AT). The lower weight loss measured after the shot for these samples (Table 1 ) is in agreement with this observation. Both weight loss and crater depths are slightly higher for the AT than for the ATS sample, even though the particle emission seems to be slightly less for the AT sample. The reason is probably the higher thermal conductivity of the tested ATS sample (∼200 W/mK at RT) compared to 113 W/mK for the AT sample. If 10 shots are loaded consecutively on the ATS sample the comparison of particle emission during the first and during the 10 th shot reveals a slight decrease after 10 shots. The current plot (current absorbed by the test sample vs. time, Fig. 3) during the 1 st shot shows a sudden current spike followed by subsequent spikes probably associated with the emission of dust particles, while during the 10 th shot only a sudden current decrease is observed which starts later in time. It is assumed that the spikes during the 1 st shot can be (at least partly) due to emission of the small Si amount present in the sample, since no Si at all was detected by EDX after the 1 st shot, while a clear Si signal could be measured before the thermal load tests.
Brazing tests
First tests were performed to braze Ti-doped graphite AT to a 2 mm thick Cu sheet. Brazing was performed to Cu and not to CuCrZr because the use of a soft Cu interlayer was initially planned to miti-13th International Conference on Fusion Reactor Materials (ICFRM-13) 10.-14. December 2007, Nice, France gate stresses arising from the mismatch of thermal expansion of graphite and Cu alloys during the brazing process. These tests resulted in good wetting of the Cu-ABA with a well formed reaction layer, but cracks were detected within the graphite and some areas of detachment were present. In order to reduce stresses the use of an interlayer with low thermal expansion, such as Mo, was proposed to transfers the residual stresses from the C surface to the stronger CuCrZr heat sink one. Thus, a second set of tests were performed by which 8 mm thick AT and ATS samples were brazed to a 10 mm thick CuCrZr block using a 2 mm thick Mo interlayer and the previous Cu-ABA as filler alloy. The metallographic examination of the resulting compound revealed the absence of cracks within the graphite and of detachments. A sound joint between the Ti-doped graphite and the Cu-ABA was found everywhere with a uniform reaction layer (see Fig. 4 ). The brazed samples were subjected to thermal shock tests consisting on heating in air up to 450°C followed by water quench to RT. The cycles were repeated 25 times without noticing any damage.
Conclusions
Ti-doped graphites with thermal conductivity ∼200 W/mK at RT and high mechanical strength have been developed. Several tests of high relevance for plasma-facing application have been performed on these materials leading to the following results:
− The total erosion yield of Ti-doped graphite by deuterium bombardment is reduced by at least a factor of 4 under worst energy and temperature conditions. − The particle emission and macroscopic damage during disruption-like electron beam loads are significantly reduced compare to undoped C.
− Ti-doped graphite has been successfully brazed to a CuCrZr block using a Mo interlayer.
These results let assume that Ti-doped graphite can be a promising armour material for divertor plasmafacing components. Table 1 : Typical properties of the undoped and Ti-doped materials [13] . The last two columns show parameters measured after the electron beam thermal loads. 
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